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DEFZECTION OF THREE SUPERSOMIC- 

By Arthur E. Allis and Willard E. Foss, Jr . 

A n  investigation t o  determFne the blade  torsional  deflection of 
three  supersonic-type  propellers a t  various operating  conditions has 
been  conducted on the NACA 6,000-horsepower propeller dynamometer in 
the Langley 16-foot  transonic tunnel and at  the Langley propel ler   s ta t ic  
test stand. The propellers  tested fn the tunnel were the Curtiss- 
Wright 109622 ( 3  blades,  9.75-foot  diameter) and the WADC-Aeroproducts 
propeller (3  blades , =-foot diameter) . Blade torsional  deflection was 
measured for  these  propellers a t  the 0.75 rad ia l   s ta t ion  a t  forward Mach 
numbers  up t o  0.96 and rotational speeds up t o  2,100 rpm at several 
blade angles. The NACA lO-(3) (049) -03 two-blade propeller was tested 
a t   t he  Langley propel ler   s ta t ic  test stand at zero advance for  blade 
angles of Oo , 40 , 8O , and l2O (measured a5 the 0.75 radial   s ta t ion)  a t  
rotational speeds up to 1,800 rpm. BLade torsional  deflection of this 
propeller was measured a t   t h e  0.70 radial   s ta t ion.  

The results of the  investigation  fndicate that the  blade-torsional 
deflection of supersonic-type  propellers can be  appreciable,  but can be 
predicted by theory  with good accuracy.  Propellers having thin  blade 
sections  experience en increased  torsional  stiffening  effect  as  indicated 
by theory. A comparison of calculated and measured values of blade tor- 
sional  deflection  for  the  Curtiss-Wright  propeller  indicated that the 
aerodynamic twisting moment about the flexural axis was negligible when 
a m j o r i t y  of the propeller-blade  sections were operating a t  supersonic 
speeds. 

Calculations of blade  torsional  deflection f o r  the Wm-Aeroproducts 
propeller  indicate that f o r  an off-design  condition of operation,  for 
instance,  the  propeller  operating a s  a brake,  blade  torsional  deflection 
can  be several times the value of the design  condition of operation. 
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INTRODUCTION 

In  the  design of a supersonic-type  propeller aerodynamic considera- 
t ions  dictate use of thin  blade  sections. However, propellers having 
thin  sections also have a low value of torsional  r igidity and are sus- 
ceptible  to  blade  torsional  deflection (or  blade t w i s t )  . To assure 
attainment of maximum efficiency at the  design  condition of operation, 
a knowledge of the magnitude of the blade  torsional deformation  while 
operating is important so that it can  be included in the  blade  design. 

Previous  optical measurements of blade t w i s t  ( ref .  1) for  pro- 
pellers  thicker than the  present  supersonic-type  propellers  indicated 
blade twist WRS not  negligible  but could  be computed w i t h  good accuracy. 

The object of the  present  investigation was t o  measure the magni- 
tude of the  blade twist f o r  supersonic-type  propellers and ascertain 
whether blade t w i s t  could  be accurately  predict.ed by theory. It w a s  
also desirable t o  determine  whether thin  propeller  blades  experience 
an increase  in  torsional  st iffness  greater  than that obtained from 
membrane analogy as indicated fn reference 2. 

The scope of. the  present  paper is not  confined t o  a specific  case 
of propeller  operation, but through  analysis and application of measured 
and calculated  values of blade twist f o r  the  three  propellers  tested, 
the  entire  propeller  operating  range is encoqassed.  In  the  analysis, 
the  relative magnitude of blade t w i s t  for  the  different  operating con- 
ditions and the  effect  of blade twist on the aerodynamic and f lu t t e r  
characteristics of a propeller  are  noted. 

The propellers  tested  are  the Curtisd-Wright 109622, the WADC- 
Aeroproducts, and the NACA 10-(3) (049) -03. The first t w o  propellers 
mentioned were tested in  the Langley l6-foot  transonic  tunnel  at for-  
w a r d  Mach  numbers  up t o  0.96 Md rotational speeds t o  2,100 r p m .  The 
NACA lO-(3) (049) -03 propeller was tested at the Langley propel ler   s ta t ic  ' 

t e s t   s t and   a t  zero advance for  ro t a t iona l  speeds up t o  1,800 rpm. Blade 
twist was measured at the 0.75 radial   s ta t ion f o r  the WADC-Aeroproducts 
and Curtiss-Wright  propellers and a t  the  0.70 radial   station f o r  the 
NACA lo-( 3) (049) -03 propeller. 

b 

C 

blade chord, ft 

angle from bottom  dead center  to  reference  prism  loca- 
t i o n   a t  which l ight is reflected  to  photoelectric  cell, '  
deg (f ig .  5 )  - 



3 

. 

D 

E 

G 

h 

J 

JT' 

M 

M, 

MC 

MP 

Mt 
N 

n . 

blade-section  design lift coefficient 

power-coefficient loading 

thrust-coefficient loading 

propeller  diameter, f't 

~ o u n g s  moaul~a of elasticity, Ib/sq ft 

shear modulua of elasticity,  lb/sc, ft 

blade-section maximum thickness, ft 

advance  ratio, V / ~ D  

torsional-stiffness  constant (based on membrane 
theory) , ft4 

total torsion~~~-atiffnese constant for L6-series sections, 

Mach n W e r  of  advance 

aerodynamic  torsional moment, ft-I3 

tensile  torsional  moment,  ft-lb 

planipetal  torsional  moment, f't-lb 

propeller  tip  Mach m e r  

propeller  rotational  speed.,  rpm 

propeller  rotational  speed, r p s  
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v 
X 

Y 

z 

B 

PO. 75R 

fY 
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$0 

Subscripts : 

0 

1 

X 

power, ft-lb/sec 

propeller-tip  radius, T t  

radius t o  a blade element, f t  

thrust, Ib 

time difference between signal from reference  prism 
and signal from prism on propeller blade, eec 

velocity of advance, f'ps 

f ract ion of t ip   radius ,  r/k 

distance from propeller  rotational axis to  horizontal  
plane  through l igh t  source, f t  ( f ig .  5 )  

horizontal  distance from light  source  to plane of 
rotat ion of propeller, ft ( f ig .  5 )  

blade angle, deg 

s t a t i c  blade angle at 0.75 radial s ta t ion,  deg 

torsional  deflection, deg 

a i r  density; slugs/cu f't 

geometric helix angle, tan'' 2, deg 

reference  or  zero  operating  condition 

any operating  condition  other  than the reference  condition 

fraction of t i p  radius , r/R 

T e s t  f ac i l i t i e s . -  The Curtiss-Wright 109622 propeller and the WADC- 
Aeroproducts propeller w e r e  t es ted   in  the Langley 16-foot  transonic 
tunnel. The operational and f low characterist ics of the  tunnel are . 



given in  reference 3 .  men  the dynamometer and cylindrical body were 
instal led  in   the test section,  the axial Mach nmiber distribution (as 
shown in   f i g .  1) differed from that given in referepce 3.  A descrip- 
t ion  of the  airstream  calibration and the  results  obtained  with  the 
dynamometer  and cylindrical body installed  in  the  16-foot  transonic 
tunnel  are  given in reference 4. 

The NACA lo-( 3) (049) -03 propeller was tested a t  zero advance a t  
the Langley propel ler   s ta t ic   tes t   s tand.  

Dynamometer.- F q  the wind-tunnel tests the two 3,000-horsepower 
units of the dynamometer were coupled i n  tandem with  the  propeller 
installed on the forward unit .  A long  cylindrical body extended  from 
a point upstream of the minimum-area section of the  tunnel t o  the  pro- 
peller  spinner  (fig. 1). The cylindrical body was  placed  upstream of  
the  spinner  to produce a radially uniform axfal f l o w  f i e l d   a t   t h e  pro- 
peller  plane. The arrangement of the dynamometer and cylindrical body 
in the wind-tunnel tes t   sect ion is shown in figure 1 and a photograph 
is shown in  f igure 2. A complete description of the 6,000-horsepower 
dynamometer is given in  reference 5 .  

.. For the   t es t s   a t   the  Langley propel ler   s ta t ic   tes t   s tand,  only one 
unit of the dynamometer was used. A photograph of the  s ta t ic- tes t -  
stand  installation is given in figure 3. - 

Optical  def1ectometer.-  Propeller-blade  torsional  deflection w a s  
measured by  means of an optical  deflectometer. The essential  components 
of the  deflectometer are a concentrated  arc  light  sowce, a photoelectric 
cel l ,  a propeller-blade prism,  a reference  prism, and an electronic 
counter. A complete description and operating  procedure  for  the  opti- 
cal  deflectometer are given in reference 6 and a sketch  (fig. 4) shows 
the arrangement of some of the components  of the  deflectometer  inside 
a protective  fairing which was  mounted a t   t h e  base of the  front-unit 
dynamometer support strut. The following  brief  description  as  to how 
the  deflectometer  operated is given to permit an understanding of modi- 
flcations made to  the  deflectometer for the wind-tunnel tes t s .  

Light from the  concentrated  source is reflected from a prism mounted 
on the  propeller  blade and from a reference  prism on the hub (or  spinner) 
to  the  sensit ive  portion of a photoelectric  cell.  A t  the  photoelectric 
ce l l   the  light signals are  converted t o  e lec t r ica l  signals, amplified, 
and then  fed  into an electronic  counter which measures the t h e  differ-  
ence between the two signals . Blade twist can  be  determined a t  a gfven 
propeller  operating-  condition when the  following m e  known: time dif-  
ference between the  propeller  blade  prism signal and the  reference  prism 
sF-1, propeller  rotational speed, and the  position of the  photoelectric 
c e l l  from the  plane of rotation and the axis of rotation. - 



.. . .. . .  . . . . . .. . . . -- 

For the wind-tunnel tes ts  it w a s  found necessary 'GO modify the static-test-stand  version of 
the instrument (ref. 6 ) ,  A separate light source and photoelectric  cell were needed for the ref- 
erence  prism t o  insure a high-Intensity  reflected  spot of light a t  the  photoelectric  cell. Be- 

' liminary teste using only one light source to cover both the propel"-bMe prism and the ref- 
erence  prism produced a law-intensity  reflected spot of l ight at the  photoelectric  cell which b 
turn produced a weak electrical. s&nal. Tbis veak 6- could not be detected at Ugh tUnnel- 
noise levels. A schematic &lagram (fig. 5)  shows the Location of the deflectometer components 
f o r  the wird-ttmnel tests. 

Operation of the optical deflectometer at the L a n g l e y  propeller s t s t ic   t es t  stand, prior   to  
the tunnel tests, aided in the development of the instnrment. However, there were  problems that 
occurred  during the tunnel t es t s  that seriously  limited the reliabil i ty of the instrument and 
consequently prevented obtaining Complete blade-kist data for a l l  the propeller  tests. Vibra- 
t ion due t o  tunnel operation a t  high speed8 x86 the major obstacle that prevented obtaining com- 
plete data. Eventually the components W i d e  the  protective  fairing were isolated in a manner 

4 that helped reduce the effect of vibration. 

Propellers.- The Important geometrical properties of the three  propellers  tested are given 
in  the following table and the radial  variation of h/b, b/D, and p i s  shown i n  figure 6:  

h/b = 0.025 at x - 1 . a  
h/b = 0.11 at x = 0.27 

. .  
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Blade-twist  data were obtained  in  the wind tunnel 8a.d at the s t a t i c  
tes t   s tand   in  essenti8J-l-y the same manner. A t  each tes t   point   f ive 
readings were taken on the electronic  counter. Blade-twist w u  then 
calculated  for each  reading and the  results averaged. The electronic- 
counter  readings were not  averaged direct ly  because it was desired to 
note  the  ability of the  instrument t o  repeat data In terms of blade 
twist rather  than a time interval i n  seconds.  Since  the  optical  deflec- 
tometer measured a change in blade angle from a reference  operating con- 
di t ion to any operating  condition, it was found necessary to correct  the 
measured values. of blade twist by a calculated  value at   the   reference 
condition of operation. The reference  condition of operation was chosen 
as the  lowest  rotational  speed at which a constant nmiber  of revolutions 
per minute could be held. 

WADC-Aeroproducts propeller.- In the wind-tunnel investigation of 
the WAE-Aeroproducts propeller, the primary objective was the  determi- 
nation of the 1-P vibratory characteristics of the  propeller, and the 
t e s t s  were run at  or near  zero  thrust. The zero-tlY-ust condition  for 

n M e r  and the  propeller  rotational speed up to the maximum rotational 
speed (2,100 rpm).  Blade twist was measured during the tes t s  a t  the 

bers up t o  0.74. 

. a given blade--le set t ing w-aa maintained by increasing the stream Mach 

- 0.75 radial   s ta t ion  for  p 
0 . p  - - 19.7O and 39.1° at  forward Mach nun- 

Curtiss-Wright 109622 propeller.-  he wind-tunnel tests of the 
Curtiss-Wright 109622 propeller,  for which blade-twist data were obtained 
a t   t he  0.75 radial   station, were made at constant fom8.z-d  Mach  mmibers 
for p0.73 = 54-70 and 60.2~. Since the primary  purpose of the curtiss- 
Wright propeller wind-tunnel tests was the determination of the  aero- 
dynamic characteristics of the  propeller,  the  rotational speed was varied 
(at a constant  stream Mach nmber) t o  obtain  data from a l igh t ly  loaded 
t o  a heavily  loaded  condition. The maximum stream Mach nunher end rota- 
t iona l  speed a t  which blade twist was measured were 0.96 and 2,080, rpm,  
respectively. 

NACA 10-(3)(&9)-03 propeller.- B l a d e  twist was measured a t   t h e  
0.70 rad ia l   s ta t ion  for p = 00, 40, 80, and WJ at zero advance 

for rotational speeds up to 1,800 r p m  for  the NACA lO-(3)  (049) -03 pro- 
peller.  This two-blade propeller has one solid blade and one blade in 
which tubes were enibedded for  measuring the  surface  pressures a t  several 
chordwise and spanwise stations.  For th i s  investigation the prism was 

0 -7m 



mounted  on the  sol id  blade of the  propeller.  Generally  for  the  blade- 
angle sett ings where the  rotational-speed range is limited, the limita- 
t ion was caused by f l u t t e r  o r  fa i lure  of the deflectometer equipment. 

Blade twist.- It was  determined.during  the  calibration test  of the 
optical  deflectometer tkt the instrument  could measure the change i n  
propeller-blade-angle  setting with an  accuracy  equal t o  that w i t h  which 
the propeller  blade could be s e t  (fO. 05O) . The calibration curve fo r  
the instrument is shown in  f igure 7. 

During the propeller tests i n  the wind tunnel and a t .  t he   s t a t i c  
t e s t  stand, any one  of the  f ive readings taken at a given tes t   point  
agreed w i t h  the average of the  f ive readings within f0.05°. Another 
indication of the accuracy  of the instrument w-as its abi l i ty   to   repeat  
data fo r  a complete test run. A repeat run made during the t e s t  of the 
WADC propeller  indicated that an agreement of O.lOo existed between the 
two se ts  of data. 

Based on the  calibration tests and a study of the data obtained 
from the instrument, it is  believed that the optical  deflectometer 
measured changes in  blade  angle of an operating  propeller w i t h i n  fO.lOO. 

Propeller  rotational speed and Mach number.- Propeller  rotational 
speed was a e t e m e d  with an accuracy of k1/4 of a revolution  per minute 
and the stream Mach  nuniber was known t o  f O . O 1 .  

METRODS AM3 CALCULATIONS 

Data Reduction 

The t e s t  data obtained  during  the  investigation of the NACA 
lO-(3) (049) -03 propeller were reduced t o  blade twist using the following 
equation (see ref. 6) : 

4 = y[ sin ( .  360 x nl x tl) - sin(360 x x t 



During the wind-tunnel t e s t s  of the WADC-Aeroproducts and Curtiss- 
Wright propellers  the  deflectometer  reference signal did not regis ter  
on the  photoelectric  cell  when the blade w&8 in the bottom ver t ica l  
position, as it did f o r  the MACA lo-( 3) (049) -03 propeller tests, there- 
fore a correction c was employed i n  the  equation  used t o  reduce the 
measured parameters t o  blade twist. The following e q u t i o n  for blade 
twist was used: 

= - sin 360 x nl x tl - c)  - sin(360 x x to - "C Z 4l 
Values of c = 3.0° and 2O.5O were recorded for   the  WAN-Aeroproducts 
and Curtiss-Wr'ight propellers,  respectively. 

Calculated  values of blade twist (by the method given in the fol-  
lowing section) , based on centrifugal  effects only, are tabulated  for 
the following reference  test  conditions a t  the 0.75 radial s t a t ion   fo r  
the WADC-Aeroproducts and Curtiss-Wright  propellers and at the 0.70 rad ia l  
s tat ion f o r  the XACA 10- (3)  ( 049) -03 propeller: 

Propeller 
Rota t iona l  speed at 
reference  condition, '0.7%' 

rem deg deg 

1 I WADC-Aeroproducts 600 

Curt is s - W r i g h t  I 600 I 60.2 1 1 54.7 

Theoretical Blade-Twist Calculations 

Values of blade twist at  several test conditions were calculated 
f o r  the WADC-Aeroproducts,  Cur-biss-Wright, and NACA lO-(g) (049)-03  pro- 
pellers.  In  calculating  the  values of blade twist the method used m s  
similar t o  that given in  reference I: 
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M a +  Mc + Mp 

GJr 
dr 

In th i s  equation the blade t w i s t  at aqy radial stat ion is a  function 
of the aerodynamic twisting moment Ma, the tensile  torsional moment Mc, 
the  planipetal  torsional moment Mp, the shear modulus of e las t ic i ty  G, 
and the total  torsional-stiffness  constant Jr'. A coqplete  description 
of the variables in the  blade-twist  equation is given in reference 1; 
br ie f ly  % can increase o r  decrease  the  blade  angle depending on the 
chordwise location of the center of pressure  relative t o  the flexural 
axis, Mc tends to  increase  the blade angle, and Mp decreases  the 
blade  angle  (for  positive  blade-angle  settings). 

For the  calculated  values of blade twist in which the aerodynamic 
twisting moment a s  evalmted, l f f t  coefficient, drag coefficient, and 
pitching-moment coefficient were obtained from references 7, 8, and 9. 
For some of the calculations it w a s  necessary t o  extrapolate  the  data 
presented i n  these  references f o r  lawer thickness ratios and higher 
angles of attack. 

As noted in reference 2, thin  propellers having high activity  fac- 
tors  w i l l  exhibit an increase  in  torsional  st iffness above the  calculated 
torsional  stiffness  obtained from membrane analogy ( ref .  10) . The cal- 
culated  values of b h d e  twist presented in th i s  report  are based on a 
total  torsional-stiffness  constant JT' which considers this increase 
~n torsional  st iffness.  For a thin  symnetrical  16-series a i r f o i l  
section: 

JT' = J' (1 f 0.0145 
L 

Efp(g)Z] G h  

where J' is the  value of the  torsional-stiffness constant based on 
membrane apalogy and has the  following  value for a symmetrical HAW 
16-series  airfoil   eection J' = 0.1793bh3 ( re f .  2). 

In  calcLktfng  the blade tWist fo r  a  given  condition, it was nec- 
essary  to  perform on the  average  three  iterations  before convergence 
was assured to  the  extent that blade t w i s t  could  be  determined within 
f0.03° of a final value. A n  iterative  process is necessary because the 



moments involved in the  bhde-twist  equation  are  a  function of blade 
angle or the  slope of the  curve of blade  angle  plotted  against  propeller .. radius. 

WADC-Aeroproducts propeller.- Measured values of blade t w i s t  are 
presented in figure 8 as a  function of propeller  rotational  speed fo r  

= 19.70 and 39 .lo. Rotat ional  speed was chosen as a  parameter 
f o r  p lo t t i ng  the data because  blade t w i s t  was f o d  t o  be  prFmarily  a 
function of centrifugal  force. A maximum value of 2.570 of blade twist 
w&s measured a t  2,100 r p m  f o r  the 19.7O blade angle. A t  the 39. lo blade 
angle,  the maximum measured value of blade twist was I. at 2,075 rpm. 
Examination of the  effect  of blade-angle  variation on the  centrifugal 
twisting moments indicates that the larger value of blade twist measured 
a t  the lower blade  angle is t o  be  expected. For positive  blade-angle 
settings,  the  planipetal  twisting moment tends t o  decrease  the  propeller 
blade  angle, and, fo r  a given  rotational  speed,  ita magnitude varies as 
the sin 2p. The tens i le  untwis t ing moment, which tends t o  increase 

t ion of the  propeller, and remains constant f o r  a given rotational speed 
as the  propeller  blade angle varies. The summation of the two maments 

the lower blade-angle setting. 

Bo. 7% 

. blade  angle is not a function of blade  angle but of the  pitch  distribu- 

- at a  given  rotational  speed w i l l  therefore  give  a larger net moment at 

Calculated  values of blade twist i n  which only centrifugal  effects 
were considered are also presented on figure 8 at  both  blade  angles (e, -75R = 19. ?" and 39. lo). The calculated and measured values of blade 
twist f o r  the 19.7 blade  angle were found t o  be in excellent agreement 
at 1,300 rpm and differed by 0.4-p at 2,050 rpm.  A t  the 39.1' blade 
angle  the  calculated  values were from 0.2O t o  0. 4a higher than  the meas- 
ured  values. When the aerodynamic -sting moment was included in  the 
calculations it tended t o  decrease  the t o t a l  calculated values a t  
2,050 rpm f o r  both blade angles by O.lOo. Since  the WADC-Aeroproducts 
prapeller was operating at  or near  zero  thrust  throughout  the  iwes- 
tigation,  the small contribution of the aerorlJrllamic moment is not sur- 
prising. The inclusion of the aerodynamic twisting mment brings  the 
agreement between measured and calculated values of blade twist a t  
2,050 rpm within O.35O f o r  both blade angles. This agreement is con- 
sidered  herein as fair. 

Curtiss-Wright propeller .- Measured values of blade M e t  at the 

.. propeller as a  function of propeller  rotational  speed at  several Mach 
0.75 radial   s ta t ion are presented in figure 9 for the C u r t i s s - W r i g h t  
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numbers fo r  = 54.7' and 60.2~. Analysis of the measured data 
indicates that for  the  54.70 blade angle the values of blade t w i s t  are  

. pract ical ly  independent of Mach  number and rotational speed.  For the 
three Mach numbers presented i n  figure 9( a)  (M E 0.89, 0.93, and 0.96) 
the magnitude of blade twist varries from about 0.60 t o  0.8~. A t  the 
60.2~ blade-angle setting (f ig .  9(b)) the measured values of b l d e  
t w i s t  are  within a band  from 0.40 t o  0.go for the three Mach  numbers 
(M = 0.89, 0.93, and 0.96) shown fo r  all values of rotational speed. 
There does not  appear t o  be any conalstent  variation of 4 3  with 
rotat ional  speed as forward Mach  nuujber is varied. If' the faired data 
f o r  the  three Mach numbers were superimposed upon each other  for  rota- 
t iona l  speeds up t o  1,700 rpm, the curves would agree  with  each  other 
within the accuracy of the measurements. An explanation of why t h i s  
agreement is reasonable w i l l  be given i n   t h e  following  discussion of 
the calculated  results. 

Calculated  values of blade t w i s t  i n  which only centrifugal  effects 
were considered are also presented in figure 9. The agreement between 
measured and calculated results is excellent at p 
( f ig .  g(a))  while a t  Bo.75R = 60.2' ( f ig .  g(b)) discrepancies of 
about 0.20° occur between the calculated and measured data. The results 
indicate that the aerodynamic contribution  to blade t w i s t  f o r  this pro- 
pel ler  must be  very small. This is indicated by theory and resul ts  of 
a i r f o i l  tests in which it can be shown that the  center of pressure of a 
th in  symmetrical airfoil i n  supersonic  flow moves from the subsonic 
quarter-chord  location t o  near the midchord location. For an NACA 
16-series  airfoil   section i n  supersonic flow, therefore, the center of 
pressure would be  very  close t o  the center-of-gravity  location  (or 
flexural axis) and very l i t t l e  aerodynamic t w i s t i n g  moment would be 
expected. Moting the high t i p  Mach  nurdbers and forward Mach  numbers 
of the data presented in figure 9, it is concluded tbt the aerodynamic 
contribution  to blade twist f o r  the Curtiss-Wright propeller should be 

0 . 7 3  = 9-70 

- SmalI. 

WCA IO-( 3) (049) -03 propeller. - Actually  the NACA 10- (3) ( 049) -03 
propeller is not i n  the  supersonic-type  propeller  category  based on pres- 
ent section-thfchess-ratio criteria for  supersonic  propellers. The 
radial thickness-ratio  distribution of the NACA propeller would probably 
put it i n  a category between the subsonic and supersonic  propeller. How- 
ever, fo r  purposes of analysis and lack of data at zero advance for   the  
WADC-Aeroproducts or Curtiss-Wright propeller,  the NACA lo-( 3) (049) -03 
propeller has been included i n  the discussion  of  blade twist of super- 
sonic  propellers. 

Measured values of the blade  twist at the 0.70 radial s ta t ion for 
the NACA 10-(3)(049)-03 propeller are presented i n  figure 10 as a func- 
t ion  of propeller  rotational speed for  po.75R = oO, 40, 80, and EO a t  

i 
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zero advance. The maxirmun measured value of blade twist for  t h i s  pro- 
pel ler  was 1.g0 at p o. 75R = k0 and 1 800 rpm. For the other  blade 
angles (Oo, 8O, and Zo), data were not  obtained a t  as high  a rotational 
speed and the lrraxfmum measured values of blade twfst were considerably 
lower than at Po. 7F = bo. For rotational speeds from 500 t o  1,000 rpm,  
the measured values of blade t w i s t  are about the same for  the  four blade 
angles a t  a given  rotational  speed. The f ac t  that blade t w i s t  is inde- 
pendent of blade  angle i n  this speed  range indicates that the seroaynamic 
twisting moment is probably  increasing as blade  angle  increases and off- 
sets   the   planigetal   twbting moment tending t o  decrease the blade t w i s t .  
This is substantiated by the decrease  in  the  calculated  values of blade 
t w i s t ,  based on centrifugal  effects (aerodynamic effects  neglected) at  
a given rotational speed  as  blade  angle is increased  (fig. 10). In  
general  the agreement  between measured and calculated  values (based on 
centrifugal  effects) is excellent below 1,OOO rpm.  Above 1,OOO r p m  the 
two sets  of data diverge. When the aerodynamic twist- moment was 
evaluated f o r  the  highest  rotational  speed at each blade angle  the  fol- 
lowing agreement between Measured and calculated  data was obtained: 

- 

a. For p = 0' and 1,350 rpm, the aerodynam€c %sting moment 
0 . 7 3  - decreased  the  calculated  blade  twfst (based on centrif'ugal  effects) by 

- is reasonable  because  a  large  portion of the blade is operating at  nega- 

0.180 and  gave perfect agreement  between the measured and to ta l   ca l -  
cuhted  values. This decrease in  blade twist due t o  aerodynamic effects 

tive  angles of attack. 

b.  A t  P 0 . v  = 4' and 1,800 rpm,  the aerodynamic twisting moment 
increased  the  calculated blade twist (based on centrifugal  effects) by 
0 .4O and the agreement  between the measured and total  calculated  values 
was within 0.15O. 

c* A t  P , J p  = 8O and 1-2~ a t   ro ta t iona l  speeds of 1,150 and 
1,100 rpm, respectively,  the aeroaynamic twisting moment increased  the 
..calculated  values of blade twist (based on centr i fugal   effects)   to   total  
values about 0.20° above the measured values. It should be noted that 
f o r  these two blade-angle settings it was necessary to  extrapolate the 
two-dimensional a i r f o i l .  data t o  higher angles of a t tack  far  the inboard 
blade stations. 

A n  overall analysis of the measured and total calculated  values of 
blade twist (centrifugal and aerodynamic effects  evaluated)  indicates 
excellent agreement. 

The general  conclusions t o  be dram f r o m  the  data  presented a t  zero 
i. advance are that blade twist can be  calculated  (based on centrifugal 



effects)  accurately  for  l ightly loaded  conditions  of  operation; however, 
there are indicatfons that the aeroaynamic twisting moment should be 
evaluated when the propeller  loading  increases due to   e i the r  an increase - 
in   rotat ional  speed or blade-angle sett ing.  

analysis of the measured and calculated  results  for the three pro- 
pellers tested.- A n  aaalysis of the measured and calculated  values of 
t o t a l  blade M e t  for  the three propellers  tested  indicates  excellent 
agreement for  the NACA lo-( 3) (049) -03 propeller, good agreement for   the  
Curtiss-Wright propeller, and good t o  fair  agreement for  the WADC- 
Aeroproducts propeller (depending on the  rotational speed under con- 
sideration).  In analyzing the calculated results, the effect  of the 
increased  torsional  stiffness  for the three  propellers was noted. The 
radial   variation of the  increased  torsional-stiffness  factor JT'/J' 
for  the  three  propellers is given in   f igure 11. From t h i s  figure it may 
be noted that the WADC-Aeroproducts propeller has the greatest value of 
the additional  torsianal-stiffness  factor  for almost d l  blade radial 
stations.  The Curtiss-Wright propeller also exhibits a high value  of 
the  increased  torsional stiffness factor but not as great as the WADC- 
Aeroproducts propeller. The NACA lo-( 3) (049) -03 propeller shows the 
smallest value of the  additional  torsional-stiffness  factor 
(JT'/J' 1.10). . 

In  the  derivation of the  total  torsional-stiffness  constant Jr' 
( ref .  2), the assumption was made that t o  the first approximation  plane 
cross  sections  r.emin  plane under torsional deformation. It ts possible 
therefore that for  large  values of blade  torsional  deformation  the  values 
of the total   torsional-stiffness  constant used to   calculate  blade twist 
may be subject   to  second-order effects.  It would be expected then that 
the  calculations  of  blade  toraional  deflection for the WADC-Aeroproducts 
propeller w i t h  its large torsional  deflections and large  torsional- 
stiffness factor would  be  influenced t o  a greater degree by any second- 
order  effects on the evaluation of the total   torsional-stiffness con- 
stant than would the calculations for   the Curtiss-Wright or  the 
NACA lo-( 3) (049) -03 propeller. 

I 

Comparison of blade twist f o r  the  Curtiss-Wright  propeller and the 
WADC-Aeroproducts propeller.- A direct  comparison of  the measured values 
of  blade twist f o r  the  Curtiss-Wright  propeller and the WADC-Aeroproducts 
propeller is not  possible  since  data were not obtained under comparable 
conditions ( p ,  ro t a t fond  speed, and forward velocity) . It is evident, 
however, from the  data  already  discuased that the WADC-Aeroproducts pro- 
pe l le r  is twisting more than the Curtiss-Wright propeller. In order t o  
ascertain  the  relative  values of blade t w i s t  f o r  the two propellers on 
a comparable basis, blade twist has been calculated  (based on c e n t r i m 1  
effects) along the blade radius for pOam = 50° at 2,100 r p m  (fig. E). 



A value  of e o .  7~ = 2.49O was calculated  for  the WADC-Aeroproducts 
propeller and Ape. = 0.79O for  the C u r t i s s - W r i g h t  propeller. In 
an effort t o  determine  the  contributing  factors  causing  the  difference 
in  blade t w i s t  f o r  the two propellers, the comgonents entering  into 
the  calculations have been isolated and are  presented  in  figure 12. 
Isolation of the components indicates that the value of the torsional- 
stiffness  constant + *  f o r  the WADC-Aeroproducts propeller is 
4.94 tFmes greater than for the Curtfss-Wright propeller at x = 0.30, 
and 2.25 times greater   a t  x = 0.70. The net centrifugal moment 
(Mc - Mp) , however, for  the WADC-Aeroproducts propeller is 6.43 times 
greater  than the Curtiss-Wright  propeller a t  x = 0.30 and 17.50 tfmes 
greater at x = 0.70. Inspection of t h e   r a d i a l   m i a t i o n  of Jr' and 

Mc - Mp f o r  both  propellers  indicates that M, - Mp is proportionately 
higher all along the blade radius for the WADC-Aeroproducts propeller 
than the  corresponding JT' . Therefore,  since both propellers  are made 
of s t e e l  (G  is the same) it would  be expected that the WADC-Aeroproducts 
propeller would t w i s t  more than  the  Curtiss-Wright  propeller. 

Radial  distribution of blade t w i s t . -  Since the measured data pre- 
sented  in this report  for  the  various  propellers  tested are at one 
rad ia l   s ta t ion  only, an insight as t o  the radial distribution of blade 
t w i s t  w i l l  have t o  be  obtained from calculated  values of blade t w i s t .  
In   f igure 13 the  calculated radial dfstribution of blade twist for  the 
WADC-Aeroproducts propeller at  several  values of rotational speed at  
80.73 = 19.7' is presented.  he calculated  curves shown do not  include 
aerodynamic effects,  but  as has been shown previously  the aerodynamic 
contribution to blade twist f o r  this propeller,  operating a t  zero thrust, 
was small. A value of 3 . 8 6 O  of blade twist was  calculated at the pro- 
pel ler  t i p  compared w i t h  2.92O at the 0.75 radial s ta t ion   for  2,050 rpm. 
For the  other  rotational speeds shown in the figure the  blade twist at 
t he   t i p  vas also about 35 percent  greater than that at the 0.75 radial 
stat ion. 

.. 

Effect of increased  torsional  stiffness.- To i l l u s t r a t e  the mor- 
tance of including  the  increased  torsional stiffness of thin  propellers 
i n  the  calculation of blade twist, a calculation has been made for the 
WADC-Aeroproducts propeller  operating at 2,050 rpm and p 0.m = 19.P 
in which the  increased  torsional  stiffness has been neglected. The 
results of this calculation are presented in   f igure 13 f o r  comparison 
with the  previously  discussed radial values of blade twist in which the 
increased  torsional  stiffness was considered. A t  the 0.15 radial s ta t ion 
the  calculated  value of blade t w i s t  neglecting the increased  torsional - st i f fness  (based on J') is 6.10'. When this value is compared w%th the 
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which the increased  torsional  stiffness has been  considered  (based on 
JT'), it becomes readily  apparent how hportant  it is that increased 
s t i f fness  of thin  propellers be considered. Had the  increased  tor- 

' sional stiffness not been included, a value of blade twist 109 percent 
too high would  have been calculated. The present  blade-twist measure- 
ments indicate that thin  propellers do experience an increased  tor- 
sional  stiffness  greater  than  the  torsional  stiffness  indicated from 
the membrane analogy. 

Variation of blade t w i s t  with  blade  angle a t  a constant  rotational 
speed.- The variation of blade twist w i t h  blade  angle  for a constant 
rotational speed is interesting because  the  overall  picture of blade 
t w i s t  under various  operating  conditions is obtained fo r  a constant- 
speed propeller.  Calculations of blade twist (based on centrifugal 
effects)  a t  x = 0.75 for   the WADC-Aeroproducts propeller a t  verrious 
blade angles ahd a t  a rotational speed of 2,050 r p m  are presented  in 
figure 14. The majority  of  the blade angles selected  for  the calcu- 
lations  are the same as those  for which the propeller  vibratory cW- 
ac ter i s t ics  were determined  during  the  wind-tunnel t e s t s .  The 
p0.75R = 
brake. The minimum value of blade twist is 2.14' and occurs a t  

-l5O blade angle represents the  propeller  operating aa a 

= 400. As noted in  the  discussion of the measured resu l t s   for  

the .WADC-Aeroproducts propeller, the tensile  untwisting moment which 
tends to  increase  the  propeller  blade  angle remains constant  for a 
given rotational speed as the  blade  angle is varied, whereas the plani- 
petal   twisting moment which tends t o  decrease the propeller  blade angle 
varies as the s i n  2 p .  It is therefore  evident that the planipetal  
twisting moments along the blade  radius have attained a maximum result-  
ant  value a t  Po. = 40° since the algebraic sum of the two centrifu- 
gal moments produces the minimum value of blade t w i s t .  For blade angles 
higher  or lower than bo, the  value of blade twist increases. The maxi- 
mum value  of blade twist for  the calculated data presented i n  figure 14 
occurs at = -15O and has a magnitude of 6 . 9 .  '0 7% 

Examination of the  general magnitude of blade t w i s t  a t  low positive 
blade angles ( f ig .  14) indicates that blade twist w i l l  have an adverse 
effect  on the   s ta l l - f lut ter   character is t ics  of the propeller. For 
imtance, if a f l u t t e r  speed f o r  a given  propeller has been estimated 
on the  basis of its s t a t i c  blade-angle setting  (blade  torsional deforma- 
t ion  under operating  conditions  neglected), it may be found when the 
propeller is actually tested that the  rotational speed a t  f l u t t e r  may 
be considerably lower than wae  estimated i f  the propeller  blade has 
twisted t o  a higher  angle  than the s t a t i c  value. It is conceivable 
that, for  a very thin  propeller,  blade t w i s t  may be of a suff ic ient  
magnitude t o  prevent  flutter-free  operation f o r  any blade-angle setting 

1 
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thus  resulting in w h a t  is known as a closed  f lut ter  boundary at  high 
ro ta t iona l  speeds. 

Effect of blade twist on the aerodynamic characteristics of a 
propeller.- The effect  of blade t w i s t  on the aerodynam2c characteristics 
of a propeller has been calculated f o r  one operating  condition. Ln cal- 
culating  the  effect  of blade t w i s t  it was assumed in  one case that the 
propeller was r ig id  i n  torsion  (static  pitch  distribution  not  al tered 
by propeller  operation) and each  blade  section  operated at an angle of 
attack  for maximum L/D at  the  design  condition of operation. In the 
second case it was assumed that the  propeller w a s  not  r igid in torsion 
and at the  design  condition of operation  each  section  operated at an 
angle of attack  greater  than  the angle for  maximum L/D by an amount 
equal t o  the  blade t w i s t  a t  the section. The design  condition of 
operation assumed f o r  both  calculations w a s  M = 0.95, 3 = 2.20, 
rotational speed, 2,100 rpm,  and al t i tude,  k-O,OOO feet. The geometry 
of the  propeller was identical  t o  the WAN-Aeroproducts propeller  for 
both  cases  except that it had a s ta t ic   p i tch   d i s t r ibu t ion  of 

- It should  be  noted that induced effects have not  been  included in the 
calculations. For the nonrigid  propeller, a radial   blade twist equal 
t o  that calculated f o r  the WADC-Aeroproducts propeller at  2,100 r p m  
and = 43.070 (based on centrifugal  effects) w a s  assumed a t  

the  operating  condition. The resul ts  of the  calculations  are  given i n  
the  following  table: 

PropelLer 

Rigid 

Efficiency 

.bo30 * 1375 - 751 Nonrigid 

0.2618 0.0924 0.777 

Thrust coefficient, 
cp 'T . 

Power coefficient, 

Although the  efficiency is only decreased by 2.6 percent f o r  the non- 
rigid  propeller,  the  thrust and power coefficients are changed by &a 
much as 50 percent. A plot  of the  resulting  thrust-coefficient and 
power-coefficient  loadings is shown in   f igure  15 together with the 
calculated  variation of blade twTst. It should be pointed  out, however, 

.. that for  constant-speed  propeller  operation  the  large  calculated changes 
i n  thrust and power coefficients would not  occur sfn-ce t'ne blade  angle 
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would be  reduced s l ight ly  t o  maintain  a  constant power absorption. A 
loss in  efficiency would s t i l l  occur since  the  majority of the  blade 
sections will operate a t  angles of attack  greater or  less  than  the 
angle for maximum L/D. 

Measurement and calculation of blade-toreional  deflection for 
the  supersonic-type  propellers  investigated  led  to  the following 
conclusions : 

1. Blade-torsiom1  deflection of supersonic-type  propellers can 
be  appreciable. A maximum value of bhde-torsional  deflection of 2.570 
was measured a t   t he  0.75 radial   s ta t ion for the WAX-Aeroproducts pro- 
pel ler  fo r  p = 19.70 a t  2,100 rpm. 0.79 

2. I n  general. the agreement between measured and calculated values 
of blade-torsional  deflection was good; however, for the WADC-Aeroproducts 
propeller a discrepancy of 0.35O existe a t  the higher rotational speeds. 

3.  The aerodynamic twisting moment a t  supersonic  blade  section 
speeds for the Curtiss-Wright propeller w&s negligible as is indicated 
by theory. 

4. Calculations of the aerodynamic twisting moment for  the 
IUCA lo-( 3) (049) -03 propeller, which was operated at zero advance and 
subsonic t i p  MEtch nlzznbers, indicate that the aerodynamic contribution 
to  blade twist can be  appreciable. 

5. Thin propeller  blades  experience &n increased  torsional stiff- 
ness greater  than  the  torsional stiffness Fndicated by melnbrane analogy. 

6 .  Blade t w i s t  calculations for the WDC-Aeroproducts propeller a t  
a constant  rotational speed and considering  centrifugal  effects only 
indicate that blade  twist for an off-design  condition of operation,  for 
instance, the propeller  operating as a brake, can be several times the 
value a t  the  design  condition of operation. 

Langley Aeronautical  Laboratory, 
National Advisory Conrmittee for Aeronautics, 

Langley Field, Va.,  A u g u s t  31, 1953. 
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Figure 1.- Sketch of propeller dynamometer and Mach number distributions 

i n  the Langley 16-foot transonic tunnel xLth dynmometer but  without 
propeller installed. Flagged symbols indicate aynamollKter body measure- 
ments  whereas qmbols without flags represent tunnel-wall measurements. 

. .  



L-75372.1 
Figure 2.- Downstream view of dynamometer instal led in the Langley 16-foot 

transonic tunnel test section. 



L-713l-4 
figure 3.- mACA 10- (3) (049) -03 propeller mounted on one unit of the 

6000-horsepower propel le r  dynamwter at the Langley propeller 
static test stand. 
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Section A-A 

Figure 5.- Schematic diagram sharing the location o f   t he  deflectometer 
components In the Langley &foot t ransonic tunnel. 
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Figure 6. -  Blade-form curves f o r  propellers  tested. 
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Figure 10.- Vexiation of blade torsional  deflection with rpn f o r  the 
NACA 10- (3) (049) -03 propeller at zero  dvance. 
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Fract ion of propeller t i p   r a d i u s ,  x 

Figure ILL.- Vaziation of the additional torsional-stiffness factor 
calculated for the FICLDC-Aeroproducts, Curtiss-Wright 109622, and 
the WCA 10-(3)(049)-03 propellers. 
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Figure 13 . -  Calculated  radial  variation of blade tors iona l  deflection 
and effect of increased  torsional  stiffness f o r  the  WADC-Aeroproducts 
propeller. B , . ~  = 19.70. 
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Blade  angle ,flaTSR ,deg 

Figure 14.- Calculated variation of blade  torsional deflection based 
on centrifugal effects w i t h  blade angle for WADC-Aeroproducts - 
propeller at 2,050 rpm.  
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Figure 1-5. - Effect of blade  torsional  deflection an the aerodynamic 
characterist ics of the WADC-Aero-products propeller  considering the 
propeller as r i g i d  in one case and free t o  t w i s t  f o r  another  case. 
M = 0.95; J = 2.20; rotat ional  speed, 2,100 r p m .  
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